One sentence summary: The relationship between the yeast Saccharomyces cerevisiae and the sugar sucrose is the subject of this minireview article, which covers historical, metabolic and industrial aspects of this special relationship.
INTRODUCTION
Yeasts are the major producers of biotechnology products worldwide, exceeding production by any other group of industrial microorganisms. In this scenario, Saccharomyces cerevisiae is the principal cell factory, which is mainly due to a long history of safe use, and consequently its Generally Regarded As Safe (FDA, USA) status; an extensive understanding of its physiology; and the availability of genetic systems for cloning and expression (Demain, Phaff and Kurtzman 2011) . Saccharomyces cerevisiae was the first eukaryotic cell that had its complete genome sequenced (Goffeau et al. 1996) and also the first eukaryote for which an in silico genome-scale metabolic model was reconstructed (Förster et al. 2003) .
Besides its use in the food and beverage markets, S. cerevisiae is also applied for the production of heterologous proteins, pharmaceuticals, bulk and fine chemicals (Hensing et al. 1995; Bekatorou, Psarianos and Koutinas 2006; Ro et al. 2006) . A frequent bottleneck in these bioprocesses is substrate cost, which can overshadow product advantage, especially when petroleumderived products are the competitors (Abbott et al. 2009 ).
In tropical countries, such as Brazil, sucrose obtained from sugarcane has been used as a substrate in biorefineries for several decades. The Brazilian fuel ethanol industry successfully demonstrates the cost effectiveness of cane sugar (Brazilian Sugarcane Industry Association 2015a). Despite recent progress in second-generation fuel ethanol, in which lignocellulosic hydrolysates are used as a substrate, sucrose still remains as a preferred and abundant carbon and energy source for yeast fermentations, in great part due to its low price, when compared to other substrates (Maiorella et al. 2009; Gombert and van Maris 2015) . Nevertheless, there are still a number of scientific challenges in sucrose fermentation that remain to be addressed. These challenges and the recent scientific achievements in this field constitute the focus of this minireview, as well as a brief history of sucrose and yeast usage by humankind.
SUCROSE IN NATURE AND IN HUMAN SOCIETY

Natural occurrence of sucrose and its role in nature
Sucrose (α-D-glucopyranosyl-(1↔2)-β-D-fructofuranoside) is the most abundant free low molecular weight carbohydrate in the world (Peters, Rose and Moser 2010) . It can be synthesized by a wide range of organisms including some prokaryotes (photosynthetic proteobacteria, cyanobacteria, planctomycetes and firmicutes) (Reed and Stewart 1985; Khmelenina et al. 2000; MacRae and Lunn 2012) and eukaryotes (single-celled photosynthetic protists and green plants) (Porchia and Salerno 1996) . Two enzymes are essential for sucrose biosynthesis: sucrose phosphate synthase (SPS, EC 2.4.1.14) and sucrose phosphate phosphatase (SPP, EC 3.1.3.24) (Fig. 1A) . SPS synthesizes sucrose 6-phosphate from fructose 6-phosphate (an intermediate from the Calvin-Benson cycle) and a nucleoside-diphosphoglucose (usually UDP-glucose, which can be obtained from fructose 6-phosphate). Next, SPP hydrolyzes sucrose 6-phosphate into or- thophosphate and sucrose (MacRae and Lunn 2012) . Besides SPS and SPP, there is another enzyme that can synthesize sucrose called Sucrose synthase (SuSy; EC 2.4.1.13). SuSy catalyses the reversible synthesis of sucrose from NDP-glucose and fructose (Fig. 1B) . However, in general, this enzyme acts towards sucrose cleavage without major impacts for photosynthetic sucrose synthesis (Geigenberger and Stitt 1993; Ruan 2014) .
The main roles played by sucrose in biological systems are related to osmoregulation, tolerance to temperature and desiccation, cell signalling and carbon transport and storage (MacRae and Lunn 2008) . Mutant cyanobacteria that are unable to synthesize sucrose are still viable. However, in green plants, sucrose biosynthesis is a prerequisite for life (Salerno and Curatti 2003) . This is the reason why sucrose is widespread in Viridiplantae (green algae and the land plants which evolved from them). It can be found in green algae (e.g. Chlorophyceae and Ulvophyceae) (Winkenbach, Grant and Bidwell 1972; Salerno 1985a,b; Kolman et al. 2015) and in Streptophyta (e.g. Charales and Embryophytes) (Macrae and Lunn 2012) . In Bryophytes, for instance, this disaccharide protects the organism against desiccation (Smirnoff 1992) . Among Tracheophyta, Monilioformopses (ferns and their allies) have genes related to sucrose synthesis (Hawker and Smith 1984) . Also, sucrose metabolism in Gymnosperms is barely studied, a notable exception being the conifers where sucrose synthesis and degradation are tightly related to seasonal changes (Egger et al. 1996) . On the other hand, studies in Angiosperms have revealed sucrose as the major form of carbon transport among plant tissues (Ayre 2011; Macrae and Lunn 2012) . The physicochemical properties of sucrose could be the reason for this preference (Kühn et al. 1999) . The viscosity of sucrose solutions is low even in highly concentrated solutions (e.g. phloem sap, 200 to 1600 mM), allowing high translocation rates (0.5-3 m h −1 ). Since sucrose is a non-reducing sugar, it can be accumulated in high amounts inside the cells, without reacting with proteins or other molecules, as do reducing sugars such as maltose, glucose or fructose. One possible disadvantage could be the size of the molecule, i.e. only a few carbon atoms are transported, since sucrose is a disaccharide and not a larger polymer. However, this is compensated by the high osmotic potential created at similar weight/volume ratios, thereby increasing phloem transport efficiency (Lang 1978; Kühn et al. 1999; van Bell 1999) . A more detailed review on sucrose biosynthesis is well described by Lunn (2008, 2012) .
Sucrose and human society
According to Shaffer (2001) , sugar crystallization started around 350 AD in India. Originally from Southeast Asia, sugarcane (Saccharum spp.) was the first sucrose source utilized by humans and its domestication started about 8000 BC in New Guinea (Roach and Daniels 1987) . Recent sugarcane varieties can accumulate up to 12-20% (w/w) sucrose in the internods (Linglea et al. 2009 ).
In addition to its applications in cooking, sucrose was also used as a medicine by Greeks (UCLA 2002) . Later, during the Arab agricultural revolution in the seventh century, sugar production increased due to the advent of sugar mills and larger plantations (Watson 1974) . During the crusades in the 11th century, sugar was brought to Europe, where it supplemented honey, the only sweetener available at that time. However, sucrose remained as a luxury product until its price decay was caused by the extensive and cheaper production in the New World in the 16th century (Mintz 1986 ). In 1747, sucrose was first crystallized from sugar beet (Beta vulgaris) by the German scientist Andreas Marggraf (1747). Soon after, his student, Franz K. Achard, built the first sugar factory based on this temperate-climate crop (Achard 1799; Wolff 1953) . The sucrose content of sugar beet is about 16-19% (w/w) and the world average yield of harvested sugar beet is around 60 metric tons per hectare. Each hectare produces approximately 10-12 tonnes of sugar (Hoffmann 2010; CEFS 2013; FAO 2015a) . The main sugar beet producer is the Russian Federation (39.3 million metric tons harvested in 2013). By region, the European Union is the main producer of this cultivar with approximately 167 million metric tons harvested in 2013 (67.9% of the world production) (FAO 2015a) . Besides the edible sugar market, about 10% of the aforementioned amount is destined for the production of ethanol (ARD 2012) . Despite the high ethanol yield (7000 litres per hectare from sugar beet, compared to 5000 litres/hectare from sugarcane and 3000 litres/hectare from corn) (Nersesian 2010) , sugar beet use in the ethanol industry remains 'not promising' due to its costly and energy intensive processing, when compared to other European alternatives such as wheat and other cereals (Nersesian 2010; ARD 2012) .
Sugarcane and sugarbeet constitute the main sources of edible sugar currently produced, with sugarcane accounting for approximately 80% of the world sugar production (ARD 2015) . Besides these sources, date palm (Phoenixdactylifera), sorghum (Sorghum vulgare) and the sugar maple (Acer saccharum) are other minor commercial sugar crops (van Putten, Dias and de Jong 2013) .
Brazil is the world leader in sugar and sugarcane production with more than 653 million tons harvested in the crop year 2013/2014, twice the amount produced by India, the second largest producer (Brazilian Sugarcane Industry Association 2015a; FAO 2015b). For the crop season 2015/2016, an increment of 18 million tons is expected due to more favourable rainy conditions. In Brazil, around 50% of the harvested sugarcane is used for producing edible sugar, and the rest is employed for fuel ethanol production (Brazilian Sugarcane Industry Association 2015b). Brazilian sugarcane plantations yield approximately 70-80 metric tons per hectare (Sugarcane Technology Center 2011). Concerns about the use of sugarcane to produce biofuels/biochemicals instead of food are still real and somewhat polemical. To assuage the critics, it is important to highlight that only 1.1% (≈9 million hectares) of the Brazilian territory is currently used for sugarcane plantation (Brazilian Sugarcane Industry Association 2015a) and the latest national agro-ecological zoning reports the existence of additional 65 million hectares available for sugarcane culture, without making use of protected areas (e.g. Amazon forest) (Manzatto et al. 2009 ). Although Brazilian intellectual property regulations still require substantial improvements, Brazil has become a hotspot for biotech industries due to the low cost of feedstock (mainly sucrose from sugarcane) by the wellestablished sugarcane crushing industry (Nielsen 2012) .
NATURAL OCCURRENCE AND IMPORTANCE OF S. CEREVISIAE IN HUMAN HISTORY
The Latin word 'Saccharomyces' literally means 'sugar fungus' and clarifies that this ascomycetous genus is preferentially found in sugar-rich environments (Gerke, Chen and Cohen 2006) . Saccharomyces cerevisiae in particular is characterized by a long history of coexistence with Homo sapiens due to its role in the manufacture of bread, wine, sake and beer, among others ('cerevisiae' is a Latin word for 'of beer') (Schneiter 2004). Humans have gradually incorporated yeast in their diet, and Bacteroides thetaiotaomicron (and a limited number of other Bacteroidetes) present in the human gut microbiota have evolved a complex machinery to metabolize the highly complex yeast cell-wall mannans. While most of the gut microbes target the components derived from the human diet, Bacteroides digests the human domesticated and ingested yeasts, thereby contributing to the overall activity of the human microbiota and, consequently, to human health (Cuskin et al. 2015) .
The DNA of S. cerevisiae was found in wine jars from the tomb of the King Scorpion, in Abydos (3,150 BC) (Cavalieri et al. 2003) and the earliest evidence for winemaking dates back to 7000-5500 BC from pots found in China (McGovern et al. 2004) . This long history of domestication led to the concept that natural isolates of S. cerevisiae would be 'refugees from human-associated cultures' instead of truly 'wild' exemplars (Mortimer 2000; Plech, De Visser and Korona 2014) . However, recent genomics studies provide strong evidence for the presence of 'wild' S. cerevisiae in nature (Fay and Benavides 2005; Liti et al. 2009; Wang et al. 2012; Cromie et al. 2013; Leducq 2014; Plech, De Visser and Korona 2014) . Wang et al. (2012) isolated S. cerevisiae from environments close and far from human activity, and added eight new lineages (named CHN I to CHN VIII) to the five previously known 'wild' strains (Liti et al. 2009 ). They show evidence that indicates primeval forests, situated in Far Eastern Asia, as the origin of the S. cerevisiae species. For instance, the oldest lineage CHN I and other basal ones (CHN II-V) were only found in China. In other words, these authors present evidence that any S. cerevisiae lineage associated to human activity worldwide was originated from wild lineages from China . In nature, S. cerevisiae species can be isolated from a vast range of habitats such as oak and beech bark, plant exudates, soil underneath trees (e.g. forest and orchard soil) (Bowles and Lachance 1983; Sniegowski, Dombrowski and Fingerman 2002; Fay and Benavides 2005; Sampaio and Gonçalves 2008) in fruits (e.g. fig, Lychee), in flower nectars (e.g. from Bertram palm; Liti et al. 2009 ), in rotten wood , in stromata from the obligate tree parasite ascomycetes (e.g. Cyttaria hariotii, since their fructifying body is rich in sugars; Libkind et al. 2011) , in the intestines of insects (Stefanini et al. 2012) , in human infections (Wheeler et al. 2003; Muller et al. 2011) , etc. According to Goddard and Greig (2015) , this vast range of habitats points towards a nomad model to understand yeast ecology. In support to this model is the highly diverse tolerance spectrum of yeasts, towards, for instance, pH, osmolarity and temperature (Petrovska, Winkelhausen and Kuzmanova 1999; Serrano et al. 2006; Salvado et al. 2011) , as well as the low density of S. cerevisiae in habitats such as fruits and oak barks, which contradicts the idea that these might be the species' niche (Taylor et al. 2014; Kowallik, Miller and Greig 2015) . Therefore, it is perfectly possible that S. cerevisiae is a 'nomad, able to survive as a generalist at low abundance in a vast ranges of habitats' (Goddard and Greig 2015) .
Saccharomyces cerevisiae, as other strains in the same genus, is capable of consuming several different substrates as carbon sources (e.g. sucrose, maltose, glycerol, ethanol, etc.) (Samani et al. 2015) . Opulente et al. (2013) compared patterns of sugar consumption and structure of metabolic pathways in 488 different Saccharomyces strains. Based on this, the authors were able to 'partially predict' the substrate specificity of a strain based on the environment from which it was isolated (Opulente et al. 2013) . Because S. cerevisiae has the metabolic capacity for sucrose consumption (Grossmann and Zimmermann 1979) , one of the main questions that arise is: Where, in nature, does S. cerevisiae feed on sucrose? Experiments with plants show accumulation of sucrose in wounded tissues, rather than other sugars such as glucose and fructose (van Dam and Oomen 2008; Schmidt, Schurr and Röse 2009) . During certain periods, when glucose sources such as fruits and flower nectar are not available, yeasts could grow on sucrose present in plant exudates (e.g. as a consequence of insect damage), as speculated by Lemaire et al. (2004) . Furthermore, it is also possible that S. cerevisiae spores remain dormant until the environmental conditions get favourable again. According to Neiman (2011) , the ecological role of sporulation might be related to yeast dispersion via insects as vectors.
SUCROSE AS AN IMPORTANT INDUSTRIAL SUBSTRATE FOR S. CEREVISIAE
Besides its use as sweetener, sucrose has been explored by humans as an industrial substrate for the microbial production of different compounds/products or, in some cases, the yeast itself is the desired product. Around 400 million kilograms of yeast biomass are produced each year worldwide (Gómez-Pastor, Pérez-Torrado and Matallana 2011). Industrial production and commercialization of yeast started at the end of the 19th century, after being intensively studied by Louis Pasteur, who first demonstrated the role of yeast in alcoholic fermentation (1857). Today, yeast cells (in different formulations) are used as animal feed, in the bakery and fermentation industries (brewing, beverages, biofuels, pharmaceutical, enzymes and chemicals) (Swanson and Fahey 2004; Bekatorou, Psarianos and Koutinas 2006) .
More than 4000 years ago, in ancient Egypt, yeast fermentation was already employed to leaven bread (Sugihara 1985) . Today, S. cerevisiae is employed in the bakery industries all over the world. In many cases, sucrose is added to the dough up to 30% (w/w), causing a collateral osmotic stress (Sasano et al. 2012) . Besides osmotolerance, other important traits of yeast in bread making processes have been the object of intensive research in the recent years, such as rapid fermentation rates, capacity to endure freeze-thawing stress and production of large amounts of CO 2 (Randez-Gil, Córcoles-Sáez and Prieto 2013).
The main advantages of S. cerevisiae as a host for the production of heterologous enzymes are correct protein folding, post-translational modifications and efficient protein secretion (Mattanovich et al. 2012; Nielsen 2013) , as demonstrated in the production of insulin by Novo Nordisk. Despite the advantages mentioned above, the following disadvantages could limit its extensive use as protein factory: (i) high-mannose type Nglycosylation, which results in a reduced half-life of the glycoprotein in vivo, which prejudices its therapeutic use (Nielsen 2013) ; (ii) retention of the exported protein in the periplasmic space; (iii) S. cerevisiae metabolism is preferentially fermentative (Crabtree effect, discussed further below), which prejudices biomass propagation (Nevoigt 2008) .
Besides its use in the production of recombinant proteins, S. cerevisiae is also an attractive industrial host for fine and bulk chemicals production. Compared to chemical synthesis or extraction from nature, industrial microbiology requires less energy input, has decreased generation of toxic wastes and, most importantly, is based on renewable feedstock utilization (Demain, Phaff and Kurtzman 2011) . Lactic acid production, for instance, is carried out using fermentation with lactic acid bacteria. However, pH control represents a considerable manufacturing cost in these processes (Bozell and Petersen 2010) . Due to its higher physiological activity in acidic conditions, S. cerevisiae is a great alternative for the production of lactic and other organic acids (van Maris et al. 2004; Abbott et al. 2009 ). Another example is succinic acid, which has a market size around US$ 7 billion and recently started to be produced with engineered S. cerevisiae to compete with petroleum counterparts (Jansen, van de Graaf and Verwaal 2012; Myriant 2012; Reverdia 2012) .
Fuel ethanol production is, by far, the largest industrial activity that uses sucrose as a substrate for yeast fermentation (at least in Brazil). Sugarcane juice contains by weight 8-20% sucrose and 0.3-2.5% of reducing sugars, e.g. glucose and fructose (Basso, Basso and Rocha 2011; OECD 2011) . Despite the high sugar concentration, sugarcane juice is deficient in phosphorous and nitrogen. The composition varies depending on the sugarcane variety and maturity, the soil composition and the climate, as well as juice processing conditions (OECD 2011). In Brazilian industrial mills, sugarcane juice is also used for edible sugar production, which generates a sugar rich by-product called 'molasses'. Molasses is composed of 45-60% (w/w) sucrose, 5-20% (w/w) glucose and fructose, low levels of phosphorus and high levels of minerals such as potassium and calcium, and some yeast growth inhibitors (Basso, Basso and Rocha 2011; OECD 2011) . Molasses is diluted in water to a final sugar concentration of about 14-18% and added to the fermentation reactor in addition to sugarcane juice (Amorim et al. 2011) .
Another example of a sucrose-rich substrate already used in industry is sugar beet, which can be converted into ethanol (ARD 2012) . According to Ogbonna, Mashima and Tanaka (2001) , sugar beet juice (16.5% sucrose, w/w) is complete in nutrients required for S. cerevisiae growth and ethanol production, and inhibitory compounds are not present in detrimental levels.
MOLECULAR BACKGROUND OF SUCROSE CONSUMPTION IN S. CEREVISIAE
One key step in sucrose metabolism in S. cerevisiae is its cleavage by invertase (β-fructofuranosidase, EC 3.2.1.26) into glucose and fructose (Fig. 1B and Table 1 ). Other organisms can cleave sucrose in different ways. Besides the reaction carried out by plant sucrose synthase (mentioned before, Fig. 1B ), some bacteria (e.g. Pseudomonas saccharophila) express sucrose phosphorylase, an enzyme that converts sucrose and inorganic phosphate into fructose and glucose 1-phosphate (Fig. 1B) (Weimberg and Doudoroff 1954; Goedl et al. 2010) .
Saccharomyces cerevisiae's invertase was already studied more than 100 years ago and was the enzyme used by Michaelis and Menten for their classic paper 'Die Kinetik der Invertinwirkung' (Berthelot 1860; Brown 1902; Michaelis and Menten 1913; Johnson and Goody 2011) . This enzyme is named invertase because the hydrolysis of sucrose causes an inversion of optical rotation in the sugar solution, from positive to negative. The easiness of optical rotation determination is the reason why invertase was already studied during the early 20th century. Besides sucrose, invertase can also hydrolyse raffinose (α-D-galactopyranosyl-(1→6)-α-D-glucopyranosyl-(1↔2)-β-D-fructofuranoside) producing fructose and melibiose (α-D-galactopyranosyl-(1→6)-α-D-glucopyranoside), and the polysaccharide inulin (linear chains of β-2,1-linked Dfructofuranose molecules terminated by a glucose residue) Wang and Li 2013; Yang et al. 2015) . Yeast invertase has also a low transfructosylating activity, allowing the synthesis of fructo-oligosaccharides from sucrose (Lafraya et al. 2011) .
In S. cerevisiae, sucrose consumption starts with its hydrolysis by invertase in the periplasmic space (outside of the cells, between the cell wall and the cytoplasmic membrane). Subsequently, the monosaccharides (glucose and fructose) enter the cells by facilitated diffusion and become available for their intracellular phosphorylation by gluco-and hexokinases, which corresponds to the first enzymatic step in the classical EmbdenMeyerhof-Parnas glycolytic pathway. Yeast invertase is encoded by the so-called SUC genes, which constitute a gene family originally identified by Winge and Roberts (1952) and later confirmed by Hawthorne (1955) . Nine SUC genes (SUC1-SUC5, SUC7-SUC10) have been already found in telomeric loci in different chromosomes and S. cerevisiae strains (Korshunova, Naumova and Naumov 2005; Naumov and Naumova 2010) . SUC2 is the only one positioned in a subtelomeric region (left end of chromosome IX; however, this position can vary according to the strain, Naumov and Naumova 2011), and is postulated as the ancestral gene since it can be found in every S. cerevisiae strain, as well as in other Saccharomyces yeasts, such as S. paradoxus (Carlson and Botstein 1983; Naumov et al. 1996) . Nevertheless, there is significant sequence variation in the SUC2 gene from these Saccharomyces yeasts, and this sequence variation has been proposed as a method to identify different yeast strains (Oda et al. 2010) .
The molecular characterization of five SUC genes (SUC1-SUC5) present in different S. cerevisiae strains revealed that all these genes encode functional invertases (Grossmann and Zimmermann 1979; Hohmann and Zimmermann 1986) . Regarding the other SUC genes (SUC7-SUC10), they have been only studied at the genetic level (chromosomal location and gene nucleotide sequence). The results published recently by Naumova et al. (2014) show that while the sequences of SUC2 from 17 different S. cerevisiae strains have 98.9-100% similarity, in the case of the other telomeric invertase genes the one closer to SUC2 is SUC1 (95.4-95.6% identity), while the other SUC genes (SUC3-SUC5 and SUC7-SUC10) are 99.4-100% identical to each other and have a similarity of 92.3-95.6% to SUC2. Their data also show that SUC3 and SUC5 have identical nucleotide sequences. All other Saccharomyces yeasts (S. arboricola, S. bayanus, S. cariocanus, S. paradoxus, S. kudriavzevii and S. mikatae) seem to have a single invertase gene with an overall 88.0-99.8% identity. All these SUC genes seem to encode functional invertases, since most nucleotide polymorphisms are silent (Naumova et al. 2014 ).
Baker's, brewer's and distiller´s yeasts were found to contain multiple copies of SUC genes, and it was postulated that this reflects an adaptation to sucrose-rich broths (Codón, Benítez and Korhola 1998; Naumova et al. 2013) . However, the Brazilian industrial fuel ethanol yeast strains (e.g. BG-1, CAT-1, PE-2, SA-1 and VR-1; Stambuk et al. 2009; Babrzadeh et al. 2012) and wine strains contain only one copy of SUC2, such as the laboratory strains S288c and those from the CEN.PK family (Carlson and Botstein 1983) . According to Stambuk et al. (2009) , invertase activity in these sugarcane industrial strains is probably not a limiting step in sucrose catabolism.
Besides secreted invertases, S. cerevisiae also produces cytosolic forms of invertase. The SUC2 gene can be transcribed into two different mRNAs that differ in their 5' ends, with lengths 1.9 and 1.8 Kb, respectively. The longer one includes the coding sequence for a signal peptide (20 amino acids) that directs the protein into the secretory pathway (Carlson and Botstein 1982; Perlman, Halvorson and Cannon 1982; Hohmann and Gozalbo 1988) . Both invertase types behave similarly with respect to pH and temperature, with optima in the range of pH 4.6-5.0 and 35 o C -50 o C . The intracellular form is a homodimer that weighs about 120-135 kDa. The extracellular form is also a homodimer, which aggregates into tetramers, hexamers and/or octamers. Glycosylation occurs only in the extracellular form and contributes to 50% of the protein mass, which is about 240-270 kDa for the homodimer Gascón, Neumann and Lampen 1968; Trimble and Maley 1977; Deryabin et al. 2014) . Glycosylation renders invertase resistant to attack by proteases, allows proper protein oligomerization and traps this enzyme between the plasma membrane and the cell wall (Esmon et al. 1987; Tammi et al. 1987; Reddy et al. 1988) . Invertase belongs to family 32 of the glycoside hydrolases (GH32) that includes inulinases, levanases and transglycosylases with fructose transferase activity (Cantarel et al. 2009 ). GH32 enzymes have a characteristic N-terminal 5-fold β-propeller catalytic domain surrounding a central negatively charged active site cavity, and an additional β-sandwich domain appended to the catalytic domain. An aspartate located close to the N-terminus acts as the catalytic nucleophile and a glutamate acts as the general acid/base catalyst. Despite the long history of research on yeast invertase, the high degree of glycosylation of this enzyme challenged the determination of the crystal structure of the protein (Sainz-Polo et al. 2012 . The molecular mass of the purified intracellular invertase (expressed in Escherichia coli) is 428 kDa, consistent with an octamer association which is best described as a tetramer of dimers that oligomerize by intersubunit extension of the two β-sheets that end in the β-sandwich domain within each subunit. The intracellular enzyme has two classes of dimers ('open' and 'closed') located at opposite vertices of the octameric rectangle. The 'closed' dimers form a more narrowed pocket at the active site (when compared to the 'open' domains), and are unable to accommodate oligosaccharides with more than three or four sugar units. Interestingly, the model for the extracellular invertase predicts an octameric aggregate of only 'closed' dimers, which may explain its predominant invertase (and not inulinase) character at the molecular level (Sainz-Polo et al. 2012 .
The utilization of sucrose by S. cerevisiae was also a nice model to unravel the complex regulation of glucose repressible genes in yeast. Mutants defective in sucrose utilization were isolated by Carlson, Osmond and Botstein (1981) , and besides mutations in the SUC2 gene, these authors were able to isolate also several new snf − (sucrose non-fermenting) mutants (Neigeborn and Carlson 1984) that were shown to play key roles in glucose repression, including SNF1, a protein kinase required for transcription of glucose-repressed genes and several other metabolic functions in yeast (Celenza and Carlson 1984) ; SNF2, SNF5 and SNF6 that are part of the chromatin remodelling complex involved in transcriptional regulation (Laurent, Treitel and Carlson 1991) ; SNF3, which encodes for a low-affinity glucose sensor, with homology to sugar transporters, that regulates HXT gene expression (Özcan et al. 1996) ; and SNF4, part of the Snf1p kinase complex (Celenza, Eng and Carlson 1989) . Indeed, transcriptional regulation of SUC2 is complex. Intracellular invertase is expressed constitutively at low levels, while extracellular invertase is subjected to glucose repression (Carlson and Botstein 1982) . The repressors that have been shown to bind to the SUC2 promoter are Rgt1 (inactivated through phosphorylation by Snf3/Rgt2 in the presence of glucose), Mig1/Mig2 (inactivated through phosphorylation by Snf1 under low glucose concentration), Sfl1 (inactivated through phosphorylation by Tpk2 under low glucose concentration) and, less important, there is Sko1, which weakly binds to the SUC2 promoter. Sko1 is inactivated through phosphorylation, at the end of the HOG pathway, only under high glucose concentration. Sko1 represses the glucose transporter gene HXT1 in the absence or at low glucose. The mentioned repressors have to bind Cyc8-Tup1 to be active, besides extensive chromatin remodelling carried out by the SWI/SNF complex (Gancedo 1992; Trumbly 1992; 1998; Geng and Laurent 2004; Belinchón and Gancedo 2007; Bendrioua et al. 2014; Weinhandl et al. 2014) . The role played by low amounts of glucose in the inactivation of some of these repressors is in agreement with data reported byÖzcan et al. (1997) . Their experiments show that SUC2 expression is about 5-to 10-fold higher in the presence of low glucose or fructose concentration (0.1% w/v) than in the absence of these sugars. Although an activator of SUC genes is predicted in all models of gene regulation, up to now the identity of such transcriptional activator is still unknown (Belinchón and Gancedo 2007) . Dynamic regulation of gene expression using sucrose is much desired in industries where sugarcane is the feedstock. To address this issue, Williams et al. (2015) identified four genes which are differentially regulated by sucrose. Employing a heterologous RNA interference module, overexpression/repression of promoter-GFP fusion was achieved using sucrose as an inducer (Williams et al. 2015) .
From an ecological point of view, SUC2 regulation is a classic example of an optimized strategy for the efficient consumption of mixed substrates. When glucose is not abundant or even absent in nature, SUC2 expression is probably at a basal level (Fig. 2) . In an environment rich in sucrose, this basal invertase activity could be sufficient to create a low concentration of glucose/fructose around the cells which may cause maximum expression of SUC2. Besides the absolute concentration of glucose/fructose, temporal changes in concentration are also connected to SUC2 expression. In other words, S. cerevisiae only maximizes the induction of genes related to glucose/fructose Figure 2 . Dynamics of invertase expression (A) according to the amount of glucose/fructose released extracellularly (B) in a sucrose-rich environment. Initially, when glucose is zero, extracellular SUC2 is expressed at a basal level causing glucose/fructose release. SUC2 achieves its maximum expression when extracellular hexoses are around 0.001 g/L. At an extracellular glucose/fructose concentration higher than 2.5-3.2 g/L, SUC2 is repressed. When the concentration of hexoses decreases again, SUC2 repression is relieved and may return to its maximum expression levels, if hexose concentration decreases to very low levels (<0.001 g/L). Based on values reported byÖzcan et al. (1997) and Meijer et al. (1998). consumption if it is able to utilize them (Özcan et al. 1997; Bendrioua et al. 2014 ). On the contrary, when glucose/fructose accumulates above a certain threshold (2.5-3.2 g/L), SUC2 is repressed leading to the consumption of the hexoses already available (Meijer et al. 1998; Elbing et al. 2004) . These opposite effects exerted by glucose balance invertase levels and optimize sugar consumption in S. cerevisiae (Özcan et al. 1997) .
The extracellular hydrolysis of sucrose has been extensively studied as an interesting model for social microbial behaviour, its dynamics and evolution. The secretion of a public good (invertase) by cooperators (e.g. a SUC2 yeast strain) allows the hydrolysis of sucrose, producing glucose and fructose that diffuses away from the cooperator cell and can be consumed by other cells of the population, including cheaters (e.g. a suc2 yeast strain) that will not have the metabolic cost of synthesizing the enzyme (Greig and Travisano 2004; Gore, Youk and van Oudenaarden 2009) . Consequently, in well mixed batch cultures, cheaters can exploit the public good and invade populations of cooperators, depending on factors such as cell density and frequency, spatial population expansion, presence of other species of cheaters (e.g. E. coli bacteria), presence of environmental stresses and sucrose concentration (Greig and Travisano 2004; MacLean and Brandon 2008; Gore, Youk and van Oudenaarden 2009; MaClean et al. 2010; Koschwanez, Foster and Murray 2011; Celiker and Gore 2012; Dai et al. 2012; Damore and Gore 2012; Dai, Korolev and Gore 2013; Sanchez and Gore 2013; Van Dyken et al. 2013) . However, the real significance of this 'social trait' in natural populations of Saccharomyces has been recently challenged since a survey of over 100 wild yeast isolates (80 strains of S. paradoxus and 30 strains of S. cerevisiae) revealed no cheater strains (Bozdag and Greig 2014) . All the strains had significantly high levels of invertase activity; all S. paradoxus strains had only the SUC2 gene in chromosome IX, while from the S. cerevisiae wild yeasts only three strains (isolated from sucrose-rich palm nectars) had additional SUC genes (SUC3, SUC8 and SUC9), besides SUC2, which was present in all strains. Therefore, there is no evidence to support the idea that non-producing cheaters may occur among wild Saccharomyces yeasts (Bozdag and Greig 2014) .
Nevertheless, S. cerevisiae strains lacking invertase activity (suc2 mutants) are still able to consume sucrose (Badotti, Batista and Stambuk 2006; Badotti et al. 2008) , suggesting the existence of alternative genes allowing sucrose consumption. Known native S. cerevisiae hydrolases that act on sucrose are listed in Table 1 . Since sucrose is also an α-glucoside, maltases (Mal12p and Mal31p) are as active on sucrose as they are on maltose (Zimmermann, Khan and Eaton 1973) , but their catalytic efficiency (K cat /K m ) is not as high as that of invertase (Reddy and Maley 1996) . Isomaltases (Ima1-Ima5p), which share the same ancestry with maltases, can also hydrolyze sucrose (Brown, Murray and Verstrepen 2010; Voordeckers et al. 2012) . Interestingly, Ima proteins are inhibited by high isomaltose concentrations, a phenomenon that does not occur when sucrose is the substrate (Deng et al. 2014) .
Since maltases and isomaltases are intracellular proteins, sucrose must be transported into the cytoplasm to be hydrolyzed by these enzymes. Stambuk et al. (1999) first demonstrated that a maltose proton symporter (encoded by the AGT1 gene) can also transport sucrose, besides other α-glucosides (Han et al. 1995) . Later, Stambuk, Batista and De Araujo (2000) determined the kinetics of active sucrose transport in S. cerevisiae, revealing the presence of a high-affinity (K m = 7.9 ± 0.8 mM) sucrose transport activity mediated by Agt1p, and a low-affinity (K m = 120 ± 20 mM) transport activity by the maltose transporters encoded by MALx1 genes (x refers to the locus number). Each MALx1 is located at a different telomere-associated MAL locus in the S. cerevisiae genome (Chow, Sollitti and Marmur 1989; Cheng and Michels 1991; Needleman 1991; Naumov, Naumova and Michels 1994; Duval et al. 2010) . According to the known regulation of MAL genes, no sucrose transport can be observed without addition of the inducer maltose to the medium, or the strain needs to be MAL constitutive to express the transporters and enzymes that will allow sucrose utilization (Badotti, Batista and Stambuk 2006; Badotti et al. 2008) .
PHYSIOLOGY OF S. CEREVISIAE DURING GROWTH ON SUCROSE
Growth of S. cerevisiae on sucrose compared to other carbon sources
In industrial processes, S. cerevisiae is exposed to a variety of sugars other than sucrose. Grape must, for instance, is mainly composed of glucose and fructose (Fleet and Heard 1993) . In the case of beer wort, maltose and maltotriose are also present, besides sucrose (Bamforth 2003) . Even in sugarcane juice, which is predominantly composed of sucrose, glucose and fructose are also present (Wheals et al. 1999) . Due to glucose repression, sugars other than glucose are only consumed after the depletion of this monosaccharide. Glucose activates signalling cascades that repress the transcription of genes necessary for the metabolism of other carbon sources (e.g. sucrose, maltose, galactose, ethanol, glycerol) (Trumbly 1992; Verstrepen et al. 2004; Kim et al. 2013) . The presence of glucose in the medium is responsible for the so-called Crabtree effect in S. cerevisiae (De Deken 1966) , meaning that under such conditions, even when the oxygen supply is abundant, cells perform fermentation instead of (or together with) respiration, which is a consequence of both glucose repression (described above) and insufficient respiratory capacity, also termed overflow metabolism at the level of pyruvate (Fiechter and Gmünder 1989) . In spite of the lower amount of ATP obtained per mole of substrate consumed, the 'Crabtree' effect offers, at least, the following potential advantages to S. cerevisiae: (i) consumption of glucose at higher rates, meaning that the sugar becomes less available for competing organisms in the same niche; (ii) accumulation of ethanol to toxic levels, meaning that competing organism may be killed (S. cerevisiae's tolerance to ethanol is one of its hallmarks) and that the accumulated ethanol may be later used by S. cerevisiae as a carbon and energy source, as long as oxygen is available for respiration (Pfeiffer, Schuster and Bonhoeffer 2001; Verstrepen et al. 2004; Piškur et al. 2006; Hagman et al. 2013) .
Depending on the carbon source and strain, yeast physiology can vary. The specific growth rate of strain CEN.PK122 (diploid) on glucose (μ glucose ≈ 0.38 h −1 ) is slightly lower than on sucrose . The major difference between sucrose and glucose metabolism relies on the extracellular hydrolysis of sucrose by invertase, but since the CEN.PK strains are MAL constitutive, the active sucrose transport described above might be responsible for the increased growth rate on sucrose, when compared to glucose. Another probable and maybe more accurate explanation can be related to the G protein coupled receptor GPR1, which activates the cAMP signalling pathway, thereby increasing the glycolytic flux (Tamaki 2007 ). Lemaire at al. (2004) demonstrated that this receptor has a higher affinity for sucrose than for glucose. In accordance with the above explanation, Badotti et al. (2008) also suggest the influence of GPR1 on the faster growth of yeast on sucrose, as compared to glucose. From an ecological point of view, GPR1 can be associated to S. cerevisiae's feast/famine cycles in nature. This receptor can be activated by low sucrose concentration in famine periods, and serve for the detection of high glucose concentration during periods of feast, when fruits and flower nectar are available (Lemaire et al. 2004) .
Growth of S. cerevisiae in a medium containing both glucose and sucrose can be divided into four phases. In the first phase, glucose is fermented and no sucrose is consumed, the respiratory quotient (RQ = moles of CO 2 produced/moles of O 2 consumed) is high (RQ ≈ 9) because there is no significant consumption of O 2 (Raamsdonk et al. 2001) . The second phase starts after glucose depletion and is characterized by sucrose fermentation, which slightly decreases the RQ value (RQ ≈ 6) because the glucose repression effect becomes less intense. Next, after sucrose depletion, the ethanol produced in the previous phases is consumed by respiration. In this stage, no fermentation takes place and the RQ drastically drops to 0.6, in agreement to the stoichiometry of ethanol respiration. At last, when ethanol is exhausted, the acetate previously produced is consumed increasing RQ to 1 accordingly to acetate respiration stoichiometry (Dynesen et al.1998; Raamsdonk et al. 2001) .
In agreement with the classical Embden-Meyerhof-Parnas pathway coupled to ethanolic fermentation, two ATPs are produced from each glucose converted into ethanol and CO 2 by S. cerevisiae. This would lead to an ATP yield of four ATPs per sucrose consumed. However, in the case of sugars actively transported into the cells, the real yield is only three ATPs, since one ATP is consumed by H + -ATPase pumps to extrude the proton imported together with the disaccharide (Weusthuis et al. 1993) . This difference in one ATP (25% less than the four ATP/sucrose yield) can be detected in anaerobic cultures through the biomass yield on substrate, a parameter proportional to cell free-energy yield (Verduyn et al. 1990; De Kok et al. 2011) . For instance, when the CEN.PK113-7D strain is cultivated in maltose-limited anaerobic chemostats, a 25% smaller biomass yield (Y x/s (MALTOSE) = 0.072 ± 0.000 g g gluc eq −1 ) is observed, when compared to glucose-(Y x/s (GLUCOSE) = 0.095 ± 0.002 g g gluc eq −1 ) (De Kok et al. 2012) or sucrose-limited chemostats (Y x/s (SUCROSE) = 0.09 ± 0.01 g g gluc eq −1 ) ).
Compared to growth rate values observed when S. cerevisiae is grown on glucose, sucrose or maltose as the sole carbon and energy source, growth on galactose is much slower. Saccharomyces cerevisiae strain CEN.PK122 grows with μ galactose ≈ 0.28 h −1 on galactose as the sole carbon source in aerobic shake flasks . This is industrially relevant since galactose is present in cheese whey (Siso 1996) and in lignocellulosic hydrolysates (De Bari et al. 2014) . The reasons for this slower growth of yeast on galactose can be related to the galactose uptake rate, which is around three times slower than glucose uptake (Ostergaard et al. 2000) . Bro et al. (2005) showed that PGM2 (phosphoglucomutase) expression limits fluxes through the Leloir pathway, which is one of the first steps in galactose metabolism (Frey 1996) .
Saccharomyces cerevisiae's physiology in sucrose-limited chemostats
Surprisingly, only very limited data are available describing the growth of S. cerevisiae in sucrose-limited chemostat cultivations, either under aerobiosis or under anaerobiosis. Results reported by Diderich et al. (1999) , Abbott et al. (2008) and Basso et al. (2010 can be directly compared, since the yeast strain, medium composition and chemostat parameters employed were identical. Under anaerobiosis, the specific sucrose consumption rate is higher than during aerobiosis (Table 2) . Because the energetic yield is lower under fermentative metabolism (when compared to respiratory metabolism), the glycolytic flux is higher, in order to guarantee enough ATP supply for cell growth and maintenance. A similar behaviour is observed for the situation in which glucose is the limiting substrate (Table 2) .
Another parameter drastically influenced by oxygen availability in sugar-limited chemostats of S. cerevisiae is the biomass yield (Y x/s ). Y x/s with sucrose or glucose as the sole carbon source is about 5-fold higher under aerobiosis compared to anaerobiosis ( Table 2) . As mentioned before, biomass yield is directly proportional to cell ATP yield, which is higher under respiratory metabolism than in fermentative assimilation (Verduyn et al. 1990) . Besides this, it is not possible to detect differences in the Y x/s values, when sucrose-limited chemostat cultures are compared to glucose-limited cultivations. This can easily be explained by the fact that the metabolism of both sugars results in the same amount of ATP per hexose equivalent consumed. Besides the biomass yield, the ethanol yield (Y e/s ) is also similar, when the two situations are compared.
Under aerobic conditions, at a dilution rate of 0.1 h −1 , no ethanol is produced (Table 2 ). Under these low growth rate conditions, the so-called Crabtree effect (De Deken 1966) is not observed and in connection with the very low residual substrate concentration, every substrate molecule is oxidized by respiration. Above dilution rates of around 0.3 h −1 (the exact value depends on the strain), the 'Crabtree' effect sets in, leading to respirofermentative metabolism even in fully aerated glucoselimited chemostats (Diderich et al. 1999; de Kock, du Preez and Kilian 2000) . Similar to the behaviour of ethanol, in sucrose-limited chemostats at 0.1 h −1 , glycerol is only produced by S. cerevisiae under anaerobiosis (Table 2) . Glycerol is known as a 'redox valve', the role of which is the regeneration of NAD + . Unlike sugar conversion to ethanol (and accompanying CO 2 ), which is a redox neutral process, sugar conversion into biomass results in a net generation of NADH, which mainly takes place during the oxidative decarboxylation reactions related to amino acid and lipid biosyntheses. In this context, the NADH-dependent reduction of dihydroxyacetone phosphate to glycerol-3-phosphate (G3P), which is subsequently dephosphorylated to glycerol, is crucial to maintain yeast redox balance (van Dijken and Scheffers 1986; Bakker et al. 2001) . The last parameter shown on Table 2 , residual sugar substrate, is low for all the conditions presented, which shows that high-affinity hexose transporters (e.g. HXT) are involved in the uptake of the residual sugars (Diderich et al. 1999; Abbott et al. 2008; Basso et al. 2010 .
To conclude, the physiology of S. cerevisiae during sucroselimited chemostats at 0.1 h −1 seems to be highly similar to that observed on glucose, at least when the scarce available data are inspected. More quantitative data are required, in order to verify whether this behaviour holds for different strains and Verduyn et al. (1992) .
Averages and mean deviations were obtained from duplicate experiments. N. D.: Not determined. Conversion of values presented in the cited references was carried out in order to establish unit uniformity. Reactor stirrer speed is slightly different, 700 rpm for Basso et al. (2010) and 800 rpm for the other authors. a Data extracted from Abbott et al. (2008) . The authors used S. cerevisiae CEN.PK113-7D and give averages ± standard deviations for three independent cultures. b Data extracted from . The authors used S. cerevisiae CEN.PK113-7D. c Data extracted from Diderich et al. (1999) . The authors used S. cerevisiae CEN.PK113-7D. d Data extracted from Basso et al. (2010) . The authors used auxotrophic S. cerevisiae CEN.PK113-5D and then supplemented with uracil in the medium. e The referred 'residual substrate' is glucose or sucrose depending on the 'carbon source in the medium vessel' used.
for different dilution rates. The use of more precise/sensitive analytical methods could aid in making these comparisons more solid. It will be interesting to see whether the critical dilution rate (which corresponds to the dilution rate value at which alcoholic fermentation sets in in aerobic sugar-limited chemostat cultivations carried out at increasing dilution rates) for sucroselimited chemostat cultivations will or not be the same as the corresponding value observed for glucose-limited chemostat cultivations, when a particular strain is evaluated. Also, the physiology of yeast under other nutrient limitations (e.g. nitrogen) using sucrose-based media and chemostat cultivations is an unexplored area that has the potential to deliver results different from those obtained using glucose-or maltose-based media, due to the different degrees of glucose repression that is expected to take place when these different sugars are used.
ENGINEERING SUCROSE UTILIZATION BY S. CEREVISIAE
Prior to the advent of metabolic engineering, many studies achieved tremendous success in elucidating the mechanisms of sucrose consumption by yeasts (Zimmermann, Khan and Eaton 1973; Santos et al. 1982; Oda and Ouchi 1991a,b) . A breakthrough study was carried out by Batista, Miletti and Stambuk (2004) , who investigated the uptake of sucrose by an S. cerevisiae strain which is devoid of hexose transport. In this unique background, the authors could determine the contribution of active sugar uptake for sucrose metabolism. When the highaffinity sucrose-H + symporter gene AGT1 was deleted in the hxtnull background, the resulting strain could no longer grow on sucrose, confirming the role of AGT1 in active sucrose uptake (Table 3) (Batista, Miletti and Stambuk 2004) . In another study, the AGT1 permease gene was deleted from a laboratory strain that lacks invertase activity, but can still cleave sucrose intracellularly through cytoplasmic α-glucosidases and also transport sucrose through low-affinity (for sucrose) MALx1 maltose permeases; a decreased sugar uptake was observed, with increased respiratory metabolism, leading to 1.5-to 2-fold more biomass as compared to the reference strain, with a concomitant decrease in ethanol production. The phenotype achieved (Table 3) is economically relevant for biomass-related applications in which ethanol is an undesired by-product (Badotti et al. 2008) . Later, the same research group engineered a laboratory strain of S. cerevisiae, with the aim of increasing the ethanol yield on sugar. The signal peptide encoding sequence was deleted from the SUC2 gene, in order to abolish extracellular invertase activity. In this engineered strain, sucrose has to be internalized by proton symporters, which leads to the indirect expenditure of one ATP per sucrose molecule taken up, because of the energetic cost involved in proton extrusion by Pma1p, necessary to keep intracellular pH homeostasis. In such a strain, the carbon flux towards ethanol increases, resulting in a higher ethanol yield compared to the reference strain (Table 3) Stambuk et al. 2011) . Moreover, using an evolutionary engineering approach, submitted the 'iSUC2 strain' from Stambuk et al. (2011) to a long-term sucroselimited anaerobic chemostat cultivation. The evolved lineage could produce approximately 0.42 g ethanol g glucose eq −1 , which is around 11% higher than the yield obtained with the reference strain CEN.PK113-7D. These authors also observed that a duplication of the AGT1 gene was involved in the observed phenotype (Table 3) , which is in agreement with transport assays that confirmed that the limiting step for efficient sucrose metabolism was sucrose transport, namely transport capacity ). An evolutionary engineering approach was also used by Koschwanez et al., to select evolved yeast strains in low (1 mM) sucrose media. The analysis of more than 12 evolved populations (which grew better and outcompeted the parental strain in low sucrose concentrations) revealed that none of them increased sucrose transport activity, which unfortunately may reflect the genetic MAL negative phenotype of the W303 yeast, which they used in their experiments. Nevertheless, when AGT1 was overexpressed through a strong promoter, the cells could grow in 1 mM sucrose (Koschwanez, Foster and Murray 2013) . A total of 10 evolved clonal populations had increased (3-21 fold) invertase expression, and in most cases the expression of HXT sugar transporters was also increased to facilitate hexose (from sucrose hydrolysis) uptake by the cells. However, the most predominant phenotype found in almost all the evolved strains was the ability to form multicellular clumps due to a failure in cell separation (Koschwanez, Foster and Murray 2013) . In such clumps of cells, the hexoses produced by one cell hydrolyzing sucrose can be efficiently taken up by the adjacent cell, which will not occur if the two cells were separate and distant one from the other Murray 2011, 2013) . Indeed, sucrose has also been described as a potent inducer of yeast filamentation and/or pseudohyphal growth (Van de Velde and Thevelein 2008) , which may explain why flocculant yeasts are the predominant type of yeasts isolated from the Hexose transporter-null strain is still able to ferment sucrose through active uptake by Agt1p and intracellular hydrolysis by maltases and invertase Batista et al. (2004) 1403-7A | MATa MAL4 C MGL3 suc gal3 gal4 trp1 ura3 agt1 ::kanMX6
1.5-to 2-fold more biomass during aerobic batch growth on sucrose compared to reference strain due to reduced overflow metabolism industrial production of fuel ethanol from sugarcane in Brazil (Basso et al. 2008) .
OUTLOOK
Sucrose has been with humans since time immemorial. To eat for the sheer pleasure is a human trait and food with sugar (desserts) is a delectable treat. For the biotechnology industry, sucrose is an abundant, readily available and inexpensive substrate, mainly in tropical areas, such as in Brazil. S. cerevisiae, which naturally evolved to efficiently consume sugars such as sucrose, is currently one of the most important cell factories due to its robustness, stress tolerance, inexpensive nutrient requirements and genetic accessibility. For these reasons, this review focused on sucrose metabolism by S. cerevisiae, a surprisingly unexplored subject in the scientific literature, when compared to the knowledge accumulated on the metabolism of sugars that occur more frequently in temperate climate crops, such as maltose. Thus, it can be concluded that sucrose has been a 'neglected' sugar or carbon source by the research community. As described in this review, sucrose transporters and hydrolases are vast in yeast, which makes the construction of sucrose knockout strains still a challenge. Not much information is available on the physiology of S. cerevisiae grown on sucrose-based media in chemostat cultivations (only a few datasets from sucroselimited chemostats at a dilution rate of 0.1 h −1 are available, for instance). The number of published works exploring the engineering of sucrose utilization in S. cerevisiae is rather low. Some of the key issues to be addressed in the coming years are as follows: (1) What are the similarities and differences in the physiology and regulation of metabolism of S. cerevisiae, when growth on sucrose is compared to growth on glucose or maltose? The following aspects can be considered of particular importance: the identification of all genes that should be eliminated to render a yeast strain incapable of thriving on sucrose and the degree of glucose repression to which cells are exposed during the release of glucose provoked by sucrose hydrolysis via invertase and/or via other enzymes or even chemical hydrolysis. (2) How can this knowledge be employed to improve sucrose-based industrial processes? (3) How can this knowledge lead us to a better understanding of the original habitat of S. cerevisae, before it started being in close contact with human societies? 
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